Abstract: Annual ryegrass (Lolium rigidum) and wild radish (Raphanus raphanistrum) are significant weeds in Australian winter cropping systems. These species have developed significant herbicide resistance and new control strategies need to be developed. Microwave energy has been considered for weed control for some time. The research considered the effect of varying amounts of microwave energy on plants and their seeds for each species. Several experiments explored the interaction between microwave energy and seed depth in the soil. Plant responses to microwave energy were also determined for each species. Seed treatment requires higher energy applications than plant treatment and is conceptually similar to soil fumigation treatments. Soil treatment may have application in some high value horticultural crops, which already use soil fumigation. Microwave treatment of plants requires less energy, with wild radish requiring about 60 J cm -2 to achieve 100% mortality, while ryegrass plants require about 370 J cm -2 to achieve 100% mortality. Microwave treatment of growing plants can be compared to the application of herbicide. Therefore control of growing plants should be the focus of developing a commercially viable microwave weed control device for cropping systems.
INTRODUCTION
Annual ryegrass (Lolium rigidum) and wild radish (Raphanus raphanistrum) are considered to be the most serious and challenging weeds of annual winter cropping systems in southern Australia [1, 2] . They have developed resistances to herbicides from several groups [3] and pose a significant threat to the future of Australian agriculture, in regards to production loss [4] and financial burdens. Interest in chemical-free weed control has been increasing due to concerns over herbicide resistance, the environmental and human health impacts of herbicide use [5, 6] , and the rise in organic farming practices.
Microwave radiation has long been considered as a suitable technology to control the weed seed bank [7] [8] [9] ; however, it failed to reach commercial use. This was due to numerous studies agreeing that it was far too inefficient and impractical for broad acre seed bank control [10] [11] [12] [13] . In spite of this, the growing concern of herbicide resistance has prompted a revisit of microwave weed control technology, with a focus on overcoming these inefficiencies. Achieving these goals requires a better understanding of the microwave energy requirements for treating weeds and their seeds in the soil.
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METHOD
This research used a series of small well defined experiments to determine the dose response curves for annual ryegrass and wild radish weeds and their seeds to varying amounts of microwave energy. In the particular case of seeds, soil depth will also affect the susceptibility of seeds to microwave treatment; therefore soil depth must be accounted for in the dose response curves for seed treatments. All experiments were run using a horn antenna to apply the microwave energy to the plants or soil. Each experimental treatment had at least four replicates and each experiment was performed at least twice to verify the results.
Estimating Microwave Power Density from a Horn Antenna
The prototype systems use in this study used a rectangular wave guide feeding microwaves into a pyramidal horn antenna, which projects the microwave energy vertically onto the ground. The microwave energy generates heat within the plants and soil.
Microwave heating is directly linked to the dielectric properties of the plants and soil and the electrical field strength of the microwave fields [14] ; therefore it is critical to understand the field intensity and distribution on the surface of the soil. It is unsafe to directly measure the field intensity near the microwave applicator; therefore was necessary to estimate the field energy density, based on well-established electromagnetic theory.
The electric field in the wave guide has a sinusoidal distribution across the width of the guide. The peak electric field strength (E o ) in a rectangular wave guide is [15] :
Where µ o is the permeability of free space, P is the average microwave power (W), a is the width of the wave guide (m), b is the height of the wave guide (m), and c is the speed of light in free space (m s -1 ).
The distribution of the microwave's electric field across the width of the waveguide, as measured from the centre line of the guide, is:
Where x ' is the horizontal distance in the aperture plane from the centre line of the wave guide or aperture(m). There is some expansion of the field between the feeding wave guide and the aperture of the antenna; therefore:
Where A is the width of the aperture (m).
In order to properly understand the field intensity at the soil surface, and therefore determine the microwave energy that has been applied to the soil, an analysis of the microwave field intensity immediately in front of a pyramidal horn antenna (in the Near Field) is required. This problem is not trivial. Based on the geometry of the horn antenna sown in Figure 1 , the problem can be described by:
Where x, y, and z is the Cartesian coordinates of the point relative to the centre point of the antenna's aperture and x' and y' are the Cartesian coordinates of any point in the antenna's aperture plane relative to the centre point of the antenna's aperture.
There is no simple closed solution to Equation (4); however it can be evaluated numerically using a Simpson's numerical surface integral approximation. This numerical integration was coded using MatLab ® and used to estimate the field energy intensity on a plane at ground level for various heights of the horn antenna above the ground plane. This is essential to properly determine the dose responses of weeds and their seeds to applied microwave energy. Figure 2 shows the estimated field strength as a function of range from the horn antenna to the ground plane and lateral distance from the centre line of the horn antenna. 
Experiment 1 -Ryegrass Seed Treatment in Sand
The laboratory microwave system (Figure 3) , based on a modified 750 W microwave oven operating at 2.45 GHz, had an 86 × 43mm rectangular waveguide channelling the microwaves from the oven's magnetron to a pyramidal horn antenna with aperture dimensions of 180 × 90mm. Fine builder's sand was used for this experiment. Dry sand has the lowest dielectric constant at microwave frequencies of any air-dry soil type [17, 18] . Therefore, sand was chosen to represent the "worst case scenario" for microwave treatment of soil seed banks. The sand was sieved through a 1mm soil sieve to ensure homogeneity of soil behaviour during the experiments. The sand was air-dried during summer and then stored in a warm dry environment until used in the experiments. Gravimetric analysis, based on weights before and after drying for 24 h at 105°C, was used to determine that the moisture content of the airdry sand was 1.0%.
A 2 × 5 × 4 factorial experiment was conducted. Factor A involved soils at two moisture levels: air dry and 20% water by volume. The wet soil was prepared by mixing four parts by volume of sand with one part by volume of water and then mixing thoroughly by hand. Factor B comprised five microwave heating times: 0, 2, 4, 8, and 12 min. Factor C involved burying the ryegrass seeds at four different depths (0, 2, 5, or 10 cm) from the surface of the soil that was exposed to the microwave energy.
Samples of twenty seeds were placed into paper envelopes made from folded filter paper to facilitate easy recovery from the soil after treatment. Fifty two pots were used in the experimental protocol, with four seed envelopes placed in the centre of each pot at the appropriate depth from the surface. The pots were allowed to stand for at least 15 min before any experimental procedures were imposed. This allowed the seeds and seed envelopes to reach thermal and moisture equilibrium with the sand. Pots were placed under the horn antenna of the microwave prototype at a range of 20mm from the antenna's aperture and exposed to microwave treatment for the appropriate amount of time.
After the sand had cooled, the seeds were extracted and placed on top of moist cotton wool and filter paper in petri dishes. The petri dishes were covered and incubated in a Contherm incubator (model CAT 150) at 28°C, which was within the temperature range for optimal ryegrass seed germination [19] . The seeds were kept moist and checked regularly to ensure they did not dry out. The seeds were allowed to germinate for ten days. Seeds were regarded as having germinated if the radical had emerged.
Experiment 2 -Ryegrass Seed Treatment in Soil
Thirty five soil samples were randomly excavated from the top 3 cm of a paddock at the Dookie campus of the University of Melbourne that was predominantly "Currawa Loam". The soil was layered into pots with sets of 25 ryegrass seeds in paper envelopes placed at depths of 0, 2, 5, 10 and 20 cm within each pot. The pots received 500 ml of water to reach a consistent moisture level and left overnight.
This microwave treatment was applied using a 2 kW microwave system operating at 2.54 GHz feeding into a horn antenna with aperture dimensions of 110mm by 55mm. Each pot was placed under the microwave antenna at a range of 70mm from the antenna's aperture for treatment durations of 0, 2, 5, 10, 30 and 120 seconds. Pots were left to return to ambient temperature. After cooling, each layer of seeds was carefully removed and placed into individual bags labelled with the pot number, treatment and soil depth. In order to promote germination, seeds were placed between layers moistened paper towel, within a small, open plastic bag and kept in a warm, dark place. The paper towel was remoistened each day. After 10 days, the total number of germinated seeds was recorded to determine the percentage of germination following microwave treatment.
Experiment 3 -Ryegrass Plants in Soil
Ninety soil samples from the top 3 cm of the same paddock as used in Experiment 2 were excavated and placed into pots. Each pot was allocated 20 annual ryegrass seeds, which were grown for nine weeks. The seeds were randomly placed on the soil surface and topped with a shallow covering of soil. Initially, the seeds were watered in with 500 ml of water per pot. Over the growing period, pots were watered with 100ml of water every 3 days to ensure the soil remained moist. After one week most seeds had germinated and after a month many plants were well established. The total number of established seeds was recorded.
Three degrees of water stress were established to test the relationship between water stress and microwave treatment on ryegrass plants. One group of plants received a regular watering schedule of 100 ml every 3 days up until the day of microwave treatment. This group was named 'Water Stress Group A'. The second degree of water stress was established by the cessation of watering of a number of pots 5 days prior to microwave treatment. This group was named 'Water Stress Group B'. A third degree of water stress was achieved by pots in this group receiving no water from 10 days prior to microwave treatment. This group was named 'Water Stress Group C'. The difference this water restriction treatment caused was determined by the gravimetric water contents of the soils from each water stress group. Ten randomly selected soil samples were taken from each group and weighed. The samples were oven dried at 105 °C for 24 hours and then a dry weight was recorded to calculate the average gravimetric water content of each group.
Once plants were well established, each pot was placed under the antenna of the 2 kW, 2.45 GHz, microwave system with a 110mm by 55mm antenna aperture at a range of 110mm, for treatment durations of 0, 2, 5, 10, 30 and 120 seconds. One day after treatment, all pots received 100 ml of water every 3 days for a total of 10 days to encourage recovery and growth of the ryegrass plants. After this time, the number of living and dead plants in each pot was recorded to determine the percentage of plant survival following microwave treatment.
Experiment 4 -Wild Radish Seeds in Soil
Twenty soil samples were randomly excavated from the top 3 cm of a paddock at the Dookie campus of the University of Melbourne that was predominantly "Currawa Loam". The soil was layered into pots with sets of 20 wild radish seeds, which were removed from their pods and placed into paper envelopes, at depths of 0.5, 5.0 and 9.5 cm within each pot. The pots received 500 ml of water to reach a consistent moisture level and left overnight. On the following day the pots were exposed to microwave treatment.
This experiment was conducted using a 2.54 GHz, 2 kW microwave system, feeding into a horn antenna with aperture dimensions of 110mm by 55mm. Each pot was placed under the microwave antenna at a range of 55mm from the antenna's aperture for treatment durations of 0, 15, 30, 60, and 90 seconds. Pots were left to return to ambient temperature. Each layer of seeds was carefully removed and placed onto moist filter paper in petri dishes. After 10 days, the total number of germinated seeds was recorded to determine the percentage of germination following microwave treatment.
Experiment 5 -Wild Radish Plants in Soil
Sixty soil samples from the top 3 cm of the same paddock used in Experiment 2 were excavated and placed into pots. Each pot was allocated 3 to 4 wild radish seeds, which were grown for six weeks. Initially, the seeds were watered in with 500 ml of water per pot. Over the growing period, pots were watered with 100 ml of water every 3 days to ensure the soil remained moist. Not all seeds germinated, so after three weeks, pots with more than one plant were thinned to one plant per pot.
Once plants had developed to a rosette stage, each pot was placed under the antenna of the 2 kW, 2.45 GHz, microwave system at a range of 110mm, for treatment durations of 0, 5, 10, 15, 30 and 60 seconds. One day after treatment, pots received 100 ml of water every 3 days for a total of 10 days to encourage growth of the plants. After this time, the number of plants still alive was recorded to determine the percentage plant survival following microwave treatment.
Statistical Analyses
Analysis of variance was used to determine significant differences in plant and seed survival. Weed control studies require the determination of dose response curves, relating applied microwave energy (and soil depth in the case of seeds). These were determined by regression using MatLab ® .
RESULTS

Experiment 1 -Ryegrass Seed Treatment in Sand
Seed mortality increasing as applied microwave energy increased; however increasing burial depth reduced seed mortality ( Table 1) . Significantly less microwave energy was needed to achieve high seed mortality in wet sand than in dry sand ( Table 1) .
Seed response as a function of microwave energy and seed burial depth can be described by dose response surfaces. The Normalised dose response for seeds in dry sand is described by 
Where E is the applied microwave energy (J cm -2 ) and D is the depth (m). The r 2 value for this function is 0.93.
Gaussian error function and assumes that the susceptibility of plants and seeds to microwave treatment is normally distributed. Including a term with the form E ! e "# D will account for the natural attenuation of the microwave energy with depth in the soil.
Microwave heating in wet sand was much faster and therefore required far less energy to kill the ryegrass seeds ( Figure 5) . The Normalised dose response is described by:
The r 2 value for this function is 0.97. 
Experiment 2 -Ryegrass Seed Treatment in Soil
As in the previous experiment, ryegrass seed mortality increased with increasing microwave energy, but decreased with increasing burial depth ( Table 2) . The Normalised dose response (Figure 6 ) is described by:
The r 2 value for this function is 0.85.
Experiment 3 -Ryegrass Plants in Soil
Microwave induced soil temperature was higher in the water stressed treatments than in the unstressed treatments ( Figure 7) ; especially in the highest microwave treatment. The mean level of soil moisture for each water stress groups varied from 5% to 14% (Figure 8) , according to the applied treatments; however there were no statistically significant differences in plant responses that could be attributed to these moisture stresses. Therefore the dose response was determined on the pooled response of all pots in the experiment (Figure 9 ). The Normalised dose response is described by: The r 2 value for this function is 0.70. The results from the second repetition of this experiment were also the same as the first.
Experiment 4 -Wild Radish Seeds in Soil
Wild radish seed germination was low and variable in the control treatment; however there was some germination in every replicate of the control. Seed germination decreased with increasing microwave energy, but increased with increasing burial depth ( Table 3) .
Many seeds from the higher microwave treatments appeared to have expressed oil during their treatment as there were distinctive oil stains on the filter paper envelopes in which the seeds were placed (Figure 9) . The dose response (Figure 10 ) is described by:
The r 2 value for this function is 0.73. Figure 10 : Preparation of wild radish seeds for germination test after microwave treatment (Note: oil stain on filter paper to the left, which was used to hold seeds during microwave treatment).
Experiment 5 -Wild Radish Plants in Soil
Wild radish plants showed only a single response to microwave treatment ( Figure 11) ; unlike the ryegrass plants. The Normalised dose response is described by: 
DISCUSSION
This study demonstrates that microwave energy kills ryegrass and wild radish plants and seeds in soil. Ryegrass plants show a double response to microwave treatment, with some efficacy due to low application energy; however 100% mortality required 370 J cm -2 of microwave energy. This is probably because grasses have their apical meristem at the base of the plant in or near the soil surface, where it is slightly protected from microwave heating by the leaves above and the surrounding soil. This is important to consider when designing an effective microwave applicator system for microwave weed management in cropping systems.
Complete wild radish plant mortality was achieved when 60 J cm -2 of microwave energy was applied. This difference in energy requirements between ryegrass and wild radish may be due to a combination of differences in plant geometry and the location of the apical meristems. Microwave heating is linked to the geometry of the heated object [14] . Wild radish, as a broad leafed plant, has larger leaf and stem structures than ryegrass and therefore heats faster than the thinner leafs and stems of ryegrass. The apical meristems of broad leafed plants are at the tips of the stems rather than at the base of the stem as in grasses; therefore rapid microwave heating in the structures of broad leafed plants may rupture plant stem cells [20] cutting off supporting plant functions from the apical meristems, thus preventing growth. In the case of grasses, destruction of plant stems may not affect the apical meristems and therefore the plant can regrow.
Complete ryegrass seeds mortality in the top 2 cm of dry sand was not achieved even after applying 3,530 J cm -2 of microwave energy because the dry sand has very low dielectric properties and does not absorb microwave energy very well, while complete mortality of ryegrass seeds at the surface of wet sand was 1,176 J cm -2 because moisture in the soil has a high dielectric constant that absorbs microwave energy well. Complete mortality of wild radish seeds in the top 5 cm of moist soil was achieved by applying 693 J cm -2 of microwave energy. This is lower than the ryegrass seeds in experiment 2 and may be related to the geometry and relative volume of wild radish seeds when compared to ryegrass seeds. Davis et al. [7] noted that both specific mass and specific volume of seeds influenced their susceptibility to microwave damage.
Weed control is achieved by intercepting a plant's life cycle when it is most vulnerable to the treatment method. This study demonstrates that although microwave treatment can kill weed seeds in the soil, emerged plants are much more vulnerable to microwave energy; therefore microwave weed control can be best achieved by applying microwave energy to emerged plants.
CONCLUSION
Microwave treatment kills annual ryegrass and wild radish plants and their seeds in the soil. Seed treatment requires higher energy applications than plant treatment and is conceptually similar to soil fumigation treatments. Soil treatment may have application in some high value horticultural crops, which already use soil fumigation. Microwave treatment of plants requires less energy, with wild radish requiring about 60 J cm -2 to achieve 100% mortality, while ryegrass plants require about 370 J cm -2 to achieve 100% mortality. Microwave treatment of growing plants can be compared to the application of herbicide. Therefore control of growing plants should be the focus of developing a commercially viable microwave weed control device for cropping systems.
